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Abstract: This paper proposes a computationally efficient analytical method, for accurate prediction of 3-
dimensional (3D) eddy current loss in the rotor magnets of surface mounted permanent magnet machir
considering slotting effect. Sub-domain model incorporating stator tooth tips is employed to generate tf
information on radial and tangential time-derivatives of 2D magnetic field (eddy current sources) within
the magnet. The distribution of the eddy current sources in 3D is established for the magnets by applyi
the eddy current boundary conditions and the Coulomb gauge imposed on the current vector potential. T
3D eddy current distributions in magnets are derived analytically by employing the method blievaria
separation and the total eddy current loss in the magnets are subsequently established. The metho
validated by 3D time-stepped finite element analysis (FEA) for 18-slot, 8-pole and 12-slot, 8-pole
permanent magnet machines. The eddy current loss variations in the rotor magnets with axial ar
circumferential numbers of segmentations are studied. The reduction of magnet eddy current loss
investigated with respect to harmonic wavelength of the source components to suggest a suitak
segmentation for the rotor magnets in SPM machines.

1. Introduction
High power density surface mounted permanent magnet (SPM) machines[1] with modular windinc

configuration [2, 3] generates a large amount of MMF space harmonics rotating in forward and backwar
directions. These harmonics, coupled with slotting and supply time harmonics can produce increased ed
current loss in magnets especially when operating atehigipeeds. Hence such machines employing
highly conductive Nd=e-B magnets may suffer from elevated temperature rise that will increase the risk
of partial demagnetization [4]. Axial and circumferential segmentation of the magnets are ofteredmploy
to reduce these losses [5]. An accurate prediction of magnet loss at the design stage, not ahigttgve
efficiency evaluation, but also may prevent excessive temperature rise in magnets andduzecthee
risk of partial demagnetization.

In order to evaluate and analyse the eddy current losses [6] in the magnets, vanietiyoafs have
been reported in a large number in literatures. In general, evaluation of rotor eddy current dossss re
simultaneous solutions for the governing equations of the magnetic and eddy current fields. Th
computationally efficient 2D numerical methods such as transient FEA to calculate the eddy current loss
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[7-9], can yield good results but lacks any physical insight on the mechanism of eddy current loss. Hence
few 2D analytical methods are developed to predict the magnet eddy current loss with vamgegofleg
accuracy [10-16]. The reduction in magnet loss with circumferential segmentations castdmssily
evaluated using these methods. However, they ignore the slotting effect and approximates windir
currents by an equivalent current sheet distributed over the stator bore radius. The method of choosin
suitable pole-slot combination for minimizing the rotor loss in permanent magnet madsidescribed

in [17, 18].

Unless the slotting harmonics are considered in the loss evaluation, the no load magnetit loss a
also its interaction with the armature field harmonics at diverse load conditions cannot be quantified [19
As the eddy current density inside the magnet is evaluated from the time derivative of the mactoetic ve
potential within it, a sufficiently accurate machine model which accounts the slotting effect become:s
indispensable to estimate these time variations. Magnet loss evaluation employing 2D relative permean
model [20-22] gives a better estimation of no-load magnet losses, but the results deviate franathe ac
values when the loss due to armature reaction is considered. While improved flux density assessme
models are proposed in [23-25] by employing complex relative permeability to predict magnet lpas [26]
better accurate subdomain models [27-29] are preferred for loss estimation in permanent magnets [19, 3
These methods except [11], [21] [22] and [26] are mainly resistance limited assuming the skin depth fc
the eddy currents is sufficiently high under the normal operating conditions of the machine.

While 2D evaluation of eddy current loss in SPM machines can be performed analytically
considering slotting effect, its accuracy is compromised if the axial length of magnets is comparable t
their other dimensions since the eddy current flow in the magnets may become predominantly 2
dimensional (3D). In order to overcome the enormous computation time in magnet loss evaluatio
encountered in 3D FEA, computationally efficient reduced order numerical methods and 3D analytica
methods have received significant interest in research communities [31-39]. These reduced ord
numerical methods may be computationally efficient, however are complicated to implement. Also, the 3l
analytical methods reported for SPMs, ignores slotting effect and the radial variation of flux density alon
the magnets. Most of these methods also discard the field produced by the permanent magnets and the
contribution by the tangential component of the magnetic field. Moreover, these methods also ignore tt
variation of loss among different magnet segments in computing the total eddy current loss. The 3D ed
current loss model for magnets published in [40] considering only machines with narrow slot opening
using Carter’s theory fails to replicate the flux density undulations accurately. Inaccurate eddy current loss

calculation may cause underestimation of rotor temperatures, which in turn increases demagnetization ri



Therefore, an accurate and computationally-efficient solution for quantifying the eddy dossad is

necessary.

The method of generalized imaging is proposejdl] to establish the eddy current source
distribution in the form of 3D Fourier seriesxny, z directions. Ultimately only the coefficients for the
sines and cosines needed to be evaluated using Fourier expansion in three dimensions. While the phys
concept for the images is clear, the mathematical process to represent the sources and images in 3D s
is quite cumbersomelso the slotting effect is not included in [41] and hence cannot be used to predict
the 3D no-load magnet loss, and to assess the effect of slotting under load conditions. The method
magnet eddy current loss prediction accounting eddy current reaction is proposed in [4Z]ngnipko
magnetic field variations from 2BEA. However, this method cannot be employed for predicting the 3D
magnet loss associated with different harmonic components with increase in axial and circumferenti:
segmentations.

This paper establishes the 3D eddy current source distributions in a much more elegant manner. T
rest of the paper is organized as follows. Section 2 derives 2D eddy current source distributitve from
sub-domain model. Section 3 describes the governing equations and boundary conditions for 3D ed
current field. Section 4 establishes the radial and tangential source distributions in 3D based on ti
boundary conditions for the eddy current density and the Coulomb gauge adopted for the current vect
potential. Section 5 validates the proposed method on 18-slot, 8-pole and 12-slot, 8-pole SPM imachines
evaluating its magnet loss with due account of slotting at no load and at peak load conditions ar
comparing the results with time-stepped 3D FEA. In section 6 the significance of the sourceemutsp
in loss evaluation is established and the loss associated with different source harmonics with increase
number of segmentations is quantified to study the relationship between harmonic wavelength and tt
segment width in ngret loss reduction. Section 7 summarizes the findings in conclusion.

2. Sub domain model and calculation of magnet flux density variation
The subdomain model with simplified slots and uniform distribution of current in them is presented

by assuming infinitely permeable iron materials and it replicates the flux density variations in the magne
quiet accurately [29]. The radial and tangential component of the flux demnsityadius ‘r’ along the
magnet, which contributes to the magnet loss can be represented in the rotor reference as,

B, = Z:[—(],(A1 sin(kb, + kw, t) + C,,C; cos(kB, + kw, t)] (1)
K



B; = Z[—D,(A1 cos(kO, + kw, t) — D, C; sin(kO, + kw, t)] (2)
K

whereC, = k/r Cy, D, = —1/r C4y , 6, andw, are rotor position and angular speed, respectively.
The coefficients which accounts for the slotting effdgtandC,, varies with rotor position and can be
expressed as Fourier series:

Ay = Z ay cos(lpw, t +Pgr)

l

G = z ¢y cos(lpw, t +1Pgp)

l

®3)

(4)

where | =1, 23... and p is the number of pole pairs.
The dB,/dt and dB,/dt calculated from (1) to (4) form the source for eddy current generation in

the magnets and they are given by,

TN [ @or (k + Ip)oy cos(kby + (k + Ip)or t + )
o Ll “|+as (k — Ip)w, cos(k8, + (k — Ip)w, t +Pg,) 5)
. 2.7 | @va (k+ )y cos(kby + (k + Ip)wr t + Poe)
ot - — £ k _+afa(k — lp)wr COS(kHr + (k — lp)wr t+ wfa) (6)

The expressions fa,, a, .y, .V, &, &, Vo, ¥;,  are defined in Appendix 9.1. The first term in

the square bracket in (5) and (6) is associated with backwards rotating harmonics and the second term w
forward rotating harmonics. Separation of magnetic field variations as forward and backward rotating
harmonics helps in separating the losses associated with different harmonics. The definitions for oth
coefficients in (1)-(6) can be found in [29].

3. Field description for eddy currents in rectangular magnets
From Faraday’s induction law and neglecting eddy current reaction, the eddy current density

distributionJ in magnets at a given time instant is dependent on the rate of change of flux density B witl
time which can be seen as a source distribution denoted by S. Their relation is expressed as (7).
VxJ=o0S
9B, dB, 9B, (7)

S,=——2§ =——2§ =—

at 'Y at "% at




where ¢ is the conductivity of magnets. According to the continuity law of the eddy current

density,V-] = 0, ] may be expressed as the curl of a current vector penitential A.in ( 8

VxXA=]
8)
Applying the Coulomb gaudé- A = 0, it can be shown that the current vector potedtiaatisfies:
V2A = —0S 9)

Fig.1a indicates a magnet in a SPM machine in which the eddy current field is induced by 2D time
varying magnetic field. The magnet is approximated in rectangular shape by neglectingitsregfiect.
The circumferential direction is denoted as X, radial direction as y and axial direction as z. It sdassum
that the magnetic field distribution in the machine is two-dimensional, and hence the flux density has
and y components which is independent of z. Thus, the source Samibty has two componess§, =
dB,/dt andS, = 0B, /dt . The dimensions of the magnets in the three directions are denotgdLas L

and L; respectively.

z=L,
[ S,
Tz Z.s,
- - = z=0
z a b c d
| %
<| " «

Circumferential

Fig.1. Arectangular magnet in @2% machine indicating its six surfaces with eddy current field excited by@gnetic field
a Magnet dimensions and source fields

b Magnet surfaces % 0 and x = L,

¢ Magnet surfaces ¥ 0 and y = L,

d Magnet surfaceg=0and z =L,

Since the conductivity outside the magnet is zero, the boundary conditions on the six magne
surfaces, namely, two parallel x-z planes, two y-z planes and two x-y planes, are given by:
ny,J=0 (
10)
where  denotes the normal vectors of the magnet surfaces.



4. Solution to 3D source distribution from the boundary conditions for a rectangular
magnet

At a given rotor position, the source distributiofisands,, in a rotor magnet are known and may

be expanded into 3D space by 3D Fourier series of the following form:

z z A i) €0S(MPy x + Py, Jcos(nP, y + Py, )cos(kP,,z + ;) (11)

=1n=1k=1

Z Z Z b(m,n,k)cos(mezx + I/J,Cz)cos(nPy2 y+ ¢y2)COS(kPZZZ + 1/)22)

m=1n=1k=1

(12)
wherem,n, k are the harmonic orders in, y, z directions respectively , P, , P, Py,, P,,, F,, and
the phase angles, , ¥, , ¥, , ¥x,, ¥y, P,, are the parameters to be determined in order to satisfy the
physical constraints of eddy current distributions.
The 3D Fourier expansion implies that the source distribution within the magnets is repeate
periodically in 3D space although the space of the concern is limited within the magnet dgfited b
dimensiond.,, L, and L,. The solutions of the current vector potenfig| A, which satisfy Poissds

equation of (9) with the sourc®, , S, distribution in (11) and (12) are given by:

m=1

Z c(m,n,k)cos(melx + lpxl)cos(nPyly + zpyl)cos(szlz + 1/121) (13)
1k=1

N5

S
]

Z dannic0s(mPy,x + Py, )cos(nP,,y + ¢, )cos(kP,,z + ,,)

1k=1

NgE

(14)

S
1l

where ¢y, 1 k) andd, o k) are the coefficients associated with (n, nthijarmonic for the current

vector potential. Consequently, /,, /, can be derived from (8) as,

[o N e o)

"2

1n=1k=1

Z e(mln,k)cos(mezx + lpxz)cos(nPyzy + lpyz)sin(kPZZZ + 1/122) (15)

m
= z z z h(m,n,k)cos(melx + ¢xl)cos(nPy1y + wyl)sin(szlz + l/)zl)
k=

m=1n=1 1 (16)
B i i i ql(m’n’k)sin(mezx + lpxz)cos(nPyzy + l/JyZ)COS(kPZZZ + 1/122)
m=1n=1k=1 T (m’n,k)COS(melx + wxl)Sin(nPJHy + ¢Y1)COS(kPZ1Z + lpzl)
(17)



where,emn k), Rmnk) » A1 (i) and Q2 (i) A€ the coefficients associated with (n, m™ 9]

harmonic for the eddy current densities which are derived &g x) andbg, k) after the operations
defined in (8) and (9). From the boundary condition given in (10) the normal component of the curren
density need to be zero along all the six surfaces of the magnet as shown in Fig.1.

For the surfaced defined byx = 0 and x = L, , as shown in Fig.1b, the normal current density

Je=0. From (15), it demands cos(mP, x+1,,)=0 at x=0 and x=L,.
A

Hence P, = = and Py, = >

For the surface defined by = 0and y = L, , as shown in Fig.1c, the normal current density
Jy = 0. From (16), it demandws(np,,y + ¥, ) =0 aty = 0 andy = L,. HencepP, = % and Y, =
T
>

And finally for the face withz =0andz = L,, as shown in Fig.1d, the normal current density
J. = 0. From (17), it demandws(kP,,z + 1, ) =0 and cos(kP,,z+1,,) =0 ,atz=0andz =L
Hence,

P, =£ and Y, =§ alsoF,, =£ and ¥,, = g

Now from the Coulomb gaudé- A = 0 imposed over the magnet volume, as the PM is insulated on

all its surfaces it needs to be satisfied along all its surfaces too,

hence

(18)

i i i { ClmmioSin(mPe, x + Py Jcos(nP,,y + 1y, Jcos(kP, z +1;,)
)

+d%m'n'k)cos(me2x + lpxz)sin(nPyzy + zpyz)cos(kPZZZ + 1/)22

At x =0 andx = L, , (18) demandsin(nP,, x + ¥, ) = 0, which leads toP,, = Ll andy,, =0
Similarly, aty = 0 andy = L, , (18) demandsin(nP,,x +1,) = 0, hencep,, = = andy,, =
y

SubstitutingP, , B, , P, Py,, P,,, P,,and the phase angigs, vy, , ¥, , ¥y, ¥y,, P, into (11), (12)

gives,

a cos —X)sSin{\n— SIN(K—Z
AT L L") (19)

=1n=1k=1 y



5= 2 313 b ) n s
y = (mnk)SiN mLxx cos nLyy sin( LZZ) (20)
As proved using the generalized imaging technique in [41], it can be observed from (19) and (2C

that across the normal boundary the sources has been mirrored, while it has become inverted mirror ime

across the tangential boundary. Hence the sousges, can be observed to be repeating itself at every
2Ly, 2Ly, 2L,. This allows to compute the source frequency components within a magnet. The relatior
for the A, ,A,,]x ,J, and], can also be evaluated in the same manner after substitution. Once the edd

current distribution is known the total eddy current loss at a given time instant is the sum of the losse

associated with each harmonic component:

co 0o

(0]

1 (2Llx 2Ly (2L 1
ng _[ _[ Ux(mnk) Hymmni® + Jzanmi 1dxdydz (21)
0

[ee]
m=1n=1k=1
[ee]

Z Z{pl(m,n,k) + P2(mnk) + P3mnk) + Paimnk) + ps(m,n,k)}
m=1n=1k=1

The coefficients, c(m,n,k), d(m,n,k), e(m,n,k), h(m,n,k), g(m,n,k) for the current vector potential and
eddy current densities, ang(im,n,k) - g(m,n,k) for the total eddy current loss are all arithmetic functions
of the harmonic order and magnet dimensions. They are summarized in Appendix 9.2. The process
implementation of the method is described in [41].

5. Finite element validation

5.1. Machine topology and design parameters

The proposed method is applied to 5kW 18-slot 8-pole and 12-slot,8-pole SPM machines for th
evaluation of the eddy current loss in the rotor permanent magnets. The subdomain model [29] employ
herecan deal with both overlapping and non-overlapping type of double layer windings. The 18-slot 8-
pole SPM machine considered uses an overlapping type of windingpeb#-$lot,8-pole SPM machine
employs a non-overlapping winding as shown in Figs.2a anthe torque comparison at load conditions
for both the machines is shown in Fig. Zthe key physical parameters and specifications are listed in
Table 1.
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Fig.2 SPM machine models and torque comparison

a 2D FE model18-slot, 8-pole machine
b 2D FE modeld2 slot, 8-pole machine

Tangential field boundary  Perfect Insulation imposed
on magnet surfaces

condition is imposed the

top, circumferential Meshed coils extended

outside the segment length
to consider the end effect

¢ Torque comparison for both the machines at load conditigns- 04, I, = 554 (peak) ,4500 rpm)

d 3D FE model48 slot, 8-pole machine

TABLE 1 Key dimensions and specifications of the SPM machines

Parameter Unit 18-slot, 8-pole  12-slot, 8-pole
Stator outer radius mm 70.59 70.59
Motor stack length mm 118 118



Rotor radius mm 325 32.5

Magnet thickness mm 3.0 3.0
Magnet pole arc elec.deg 175 175
Slot opening mm 2.03 2.03
Slot opening depth mm 2.375 2.375
Slot depth mm 29.15 29.15
Teeth width mm 8.5 12.5
Shaft radius mm 20.0 20.0
No. of turns/coll No. 6 10
Magnet remanent flux density T 1.1 1.1
Magnet resistivity Q.m 1.8x10°¢ 1.8x107°
Maximum speed rpm 4500 4500
Rated current A 39 39
Rated speed rpm 2100 2100

5.2. 2D FE for field source validations

2D eddy current source field distributions considering slotting is obtained from the subdomain
model, which neglects the magnetic saturation in the machine. Before proceeding to the eddy curre
calculations it is insightful to have a comparison for the magnetic field variation with the results obtainec
from 2D FEA. The eddy currents and the associated loss are evaluated when the machine is bperatet
peak load (peak phase current of 55A) at the maximum speed of 4500rpm.

Fig. 3 compares the analytically and 2D FE predicted eddy current source componéionsaria
with angular position at a given time instantugft = 1.25° (mech.) for themagnet ‘1> when the SPM
machines operates at the load conditions mentioned before, whiesr¢he fundamental electric angular
frequency of the operation. It can be seen that the analytical predictions agree vewithvetiose
obtained from the 2D FEAs accounting material saturation. This ensures the accuracy of the source
excitation of the eddy current distribution to be analytically predicted by the proposed method.

5.3. Comparisons of eddy current distribution and eddy current loss with 3D FEAs

A 3D FE model of the machine, as shown in Fig. 2d has been built to predict the 3D eddy currer
distribution and resultant eddy current loss induced in the magnets. Since the machine employs fractior
slot per pole topology, circumferential symmetry exits only over 180 mechanical degrees. Thusra quart
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of the machine has to be modelled in 3D FEAs. The meshed coils are extended in the axial direction
consider the winding end effect. Tangential boundary conditions are imposed on this extendedAsurfac
perfect insulation boundary conditions are applied to the axial and circumferential end surfaces of th
magnets to insulate the segments from each other. In addition, the conductivity of the rotorerisn c

not considered to avoid the eddy current flow in thenpractice, segmented pieces are glued together by
high temperature epoxy which acts as insulator.
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Fig.3. Comparison of source components from 2D FE and slotting effet#lrab mean radius of the magnétatw,t =
1.25°

a Circumferential component S, (18-slot, 8-pole SPM)

b Radial components;, (18-slot, 8-pole SPM)

¢ Circumferential componetS; (12-slot, 8-pole SPM)

d Radial componens; (12-slot,8-pole SPM)

Fig.4a compares the instantaneous loss computed for the first four magnets and their total when t
18-slot, 8-pole SPM machine is having 2 axial segments and no circumferential segments when excited
peak load conditions. The magnet loss is observed to be repeating at eVBrjudd@mental
frequency[41], and hence the losses evaluation is repeated over this time span and averadjed ttee
magnet loss.Fig.4b compares analytically and 3D FE predicted instantaneous total eeldly loss
variations in 18-slot,8-pole SPM with rotor position when the machine operates at the peak load conditic

with each magnet per pole segmented into 2 pieces axially. Fig.4c compares the analyticallyF&nd 3D

12



predicted variations of z andcomponents of the current density witinxmagnet ‘1’ under the previously

mentioned conditions.
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Fig.4. Instantaneous variation of magnet loss with rotor position8esldt, 8-pole SPM machine
a Loss associated with magnets 1-4 and their total

b Loss comparison from the proposed method and 3D FE

¢ Jyand J comparison in magnét’ (0 < x < L,) atw,t = 4,2=0.75L ,and y= 0.5 L y
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Good agreement between the analytical and 3D FE predicted instantaneous values are obsen
albeit few minor mismatches which may be attributed to the curvature, the end winding effects and th
core saturation which is neglected in the proposed method.

Fig.5 compares analytically and 3D FE predicted eddy current loss at no load and peak load wit

increase in axial and circumferential segmentation for both the SPM machines.
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Fig.5. Magnet loss with increase in Axial and circumferential segmentation
a No load conditions fdt8-slot, 8-pole SPM

b Peak load conditions for 18-slot-Bole SPM

¢ No load conditions for 12- slot, 8-pole SPM

d Peak load conditions for 12-slot-fole SPM

It can be seen that in all cases, good agreements are obtained between the 3D FBtarad anal
results. Also it can be seen that the no load loss is reduced with the 12-slot, 8-pole combination compar
to the 18-slot, 8-pole machine as a result of reduction in the number of slots. However, the magnet loss
the same load conditions is found to be much higher in the 12-slot, 8-pole machine. This is because the :
slot, 8-pole machine employs winding design features to reduce the space harmonics and hence the rc

eddy current loss [43] , while retaining the merits of fractional slot per pole machine topology.
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6. Evaluation of the results

6.1. Separation of magnet loss based on source components

Since the eddy current source within the PM has two compon@Big,dt and dB,/dt , it is
insightful to assess the contribution of each towards the magnet loss. Fig. 6 shows the contribution
tangential and radial source compone(ﬁ’;ssy) of flux density towards magnet loss, with increase in
axial and circumferential number of segmentations when both the machine operates in the peak lo
conditions at 4500rpm. It is observed that the contributio@Bf/dt towards the magnet loss is des
significant, being an order of magnitude lower, compared to the loss contribution @aie/ & at lower
number of magnet segments. This is because the radial component of flux densitya magnet is
usually dominant, and hence both the rms and peak valué®,gbt are much greater than those of
0B;/0t, as is evident in Fig.3 whilst the resultant eddy current loss is proportional to square of the time

derivatives.

—— T 1.2
PSS SN S S S _—

i 8-Sy (Axial Seg.)
25 T CoT 8-Sy (Circum. Seg.) -1 1
i i --Sx (Axial Seg.)

AR o S e S W

______ - Sx (Circum Seg.) -4 08

--------- et 8

Loss -Sy (W)
Y

—
(]

Loss -Sx (W)

------ 0.4

Rt i il

o BepmapRapASuiar IRt Idaraton:
B T

j

B e

------- 0.2

b o ot st s ot

1
1
1
______ A ——————
1
1
1
1
1
1

—
NS
(U8 ]
O
—
=]

E 4 5 6 7 8
No. of Segmentation (Axial/Circumferential)

a

16



— 16
G G G S —

A—k
50 PoSwcoobooooo- [ I-O-Sy (Axial Selg.) | &Sy (lCircum.lSeg.) 14
--Sx (Axial Seg.) -4 Sx (Circum Seg.) .o
) 0 OO Sy e
3 s z
B0 prnnns s : z
20 fremmmsbonsmcipRemeestensssmdremmnednnsnens
L . —
0 : H : 0
1 2 3 4 5 6 7 8 9 10

No. of Segmentation (Axial/Circumferential)
b

Fig.6. Magnet loss associated with source components at peak load with éoreadal and circumferential segmentations
a Loss associated with source components in 18-slot,8-pole SPM
b Loss associated with source components in 12-slot,8-pole SPM

Further, the reduction of the loss associated Wibh/dt is found to decrease very slowly with
increase in the axial number of segments. Moreover, the loss associatedRyjtht is found to have no
significant variation with the circumferential number of segments. This is because the eddy currents dt
to dB,/dt flows in 2D y-z plane and segmentation along x- direction cannot alter the eddy current
circulation path. It is also worth noting that the actual magnet loss in the machine is found to be lower
than the sum of the losses due to the time derivatives of the radial and tangential flux density componer
as a result of harmonic interaction between the sources which can be seen from the defipjtian(&®).

The results follows that circumferential segmentation is not effective in reducing the eddy current los

associated witldB, /dt.

6.2. Variation of harmonic loss with number of segmentations

The analytical solution of source components given in (5), (6) allows to evaluate the different
harmonic contents present in the eddy cusdhtis observed that the harmonics which are resulting in
loss in the rotor reference are of the ordémtgp, + p)and (n,ps — p) as identified in [13], where;= 2,

5,8... and n,= 1,4,7..., ps is the number of pole-pairs associated with the stator winding #rel rotor

pole pais.
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The contribution of the forward and the reverse rotating harmonics of the same order towards th
flux density variations is accounted together as they interact with each other [13] in lossignodhese
time harmonics are found to be of the order of 6, 12, 18, 24, 30, 36, 42.4& 18-slot,8-pole SPM
machine. It is observed from the loss computation that the major contributors for the magnet loss amot
them are of the orders 6, 12, 18, 36 and 54. The time harmonics are found to be of the order of 12, 24,
48, 60...in 12-slot,8-pole SPM machine and the major contributors for the magnet loss among them are ¢
the orders 12, 24, and 36.

TABLE 2 Wave length Associated with Major Harmonics

Harmonic No. (h) 6 12 18 24 36 54

Wavelength 4, (mm) 32.46 16.23 10.82 8.12 5.41 3.60

The wavelengths associated with these harmonics calculated based on the mean magnet rac
(31mm) are tabulated in Table 2. The magnet loss variations for each major harmonic at peak loz
conditions with increase in circumferential and axial number of segments for the 18-slot,8-pole machine
compared in Figs. 7a and b respectively. For the purpose of illustration, the segment widths arenalso g

for each number of segmentations.
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Magnet loss (W) for h= 24 and 36
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No of Axial Segmentation/Segment width (mm)

d
Fig.7. Comparison of loss variations associated with major harmoniea&tipad with numbesf segments or with segment
width
a Circumferential segmentationis-slot, 8-pole SPM
b Axial segmentation i8-slot, 8-pole SPM
¢ Circumferential segmentation in 12-slotp8le SPM
d Axial segmentation in 12-slot-Bole SPM

As can be seen, for the 18-slot,8-pole SPM tiea®d 18h harmonics contribute to ~94 % of the
total magnet loss, where the loss contributions from 12, 36 and 54 orders of harmonics are shown in t
scale of the secondary y-axis to clearly understand the relationship between the segment widths and

harmonic wavelengths.

Given that the circumferential segmentation is effective in reducing the eddy current loss associate
with dB,/dt, it is clear from Fig.7a that those harmonics most affected by the circumferential
segmentation have their wavelengtly, X greater than the circumferential segment width [38]. Hence
magnet loss reduction by circumferential segmentation will be less effective when the harmonic
wavelength 4;) is lower than circumferential segment width, but becomes effective when the wavelength
is greater than circumferential segment width. For example, the loss associated with the 18th harmonic
reduced at a faster rate when the number of circumferential segments are greater than two as
wavelength (10.82 mm) of the 18th harmonic becomes lower than the segment width (11.83 mm). For tt
case with the 6th harmonic, its wavelength (32.46 mm) is already lower than the segment width (23.67m
when the number of circumferential segment is one, hence the associated loss is reduced atta faster

with any further circumferential segmentations. However, it can be observed that the loss reductio
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becomes slow with increase in circumferential number of segmentations when the harmonic wavelength
much greater than the segment width. The above phenomenon can be understood by the fact that whe
harmonic wavelength is shorter than the segment width, the induced eddy currentdd@®igapwhich
mainly circulates on the x-z plane can return easily within the segment. However, the eddyretument
path is hampered when the segment width is shorter than the wavelength, resulting in a greater reduct
in eddy current circulation and hence the associated loss.

For the case with axial segmentation it can be observed from Fig.7b that the rate efucssn
with increase in number of segmentations decreases with increase in harmonic order. Hence the Ic
associated with the 6th harmonic is reduced at a much faster rate than that of the 54th harmonic (h=t
with increase in the axial number of segmentations. While the circumferential segmentation only affect
the eddy current circulation due @B, /dt, the axial segmentation breaks both the induced eddy current
paths due tadB, /dt and dB,/dt, and hence it is effective for reduction of eddy current losses associated
with both the radial and circumferential components. The increase in the axial number of segments wi
increase the effective resistance of the z-component of the eddy current denshignemdeduces the
eddy current losses. Thus, the axial segmentation will be effective in loss reduction even the wavelength
a harmonic is shorter than the axial segment height, as is evident from Fig. 7b. However, the harmonic Ic
reduction is observed at a slower pace with increase in axial segmentation number. This is because
magnet segment height is also reduced at a lower rate with increase in axial segmentation number.

From Figs.7c and d it can be seen that for the 12-slot, 8-pole SPM machine the loss the associat
with the12" harmonic is much higher compared to all other harmonics, resulting in the increased magne
loss. Also it is clear that the 12-slot, 8-pole SPM machine also follows the same trend for the harmon
loss variations with increase in circumferential and axial segmentations as observed previously for the 1
slot, 8-pole SPM machine.

Hence it may be preferred to segment the permanent magnet in the circumferential direction so th
the width of the segment is lower than the wavelengths of all the dominant harmonics responsible for edc
current loss, followed by axial segmentation which targets those harmonics whose wavelengths is close
greater than the magnet width after the first step. However, segmentations in both directions have to

considered in the context of manufacturing feasibilities and cost.

7. Conclusions
A computationally efficient and accurate means for predicting 3D eddy current loss in rot@tsnag

of PM machines has been developed considering slotting based on 3D Fourier expansion of tim
derivatives of flux density in magnets. The developed methsthéden validated by 3D FEAs on 18-slot,
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8-pole and 12-slot,8-pol8PM machines. On an average for evaluating the loss variation with increase in
axial number of segmentation up to 10, it takes around 2 minutes for each case, in contrast to more than
hours usually required for one 3D FE analysis with no axial segmentation on a typical 3.3 GHE®4GB

It is observed that the loss contribution from the tangential component of the magnetic field variation i
much lower in comparison to the loss associated with radial field variations. The method of axia
segmentation is found be better in reducing magnet loss from those harmonics with their wavelength low
than the segment width. The developed method provides an effective tool for assessing eddy current Ic

and for devising segmentation schemes for the loss reduction.

©
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9. Appendix
9.1. Definition of abr, afr, ybr, yfi, aba, afo, ybo, yfo, in evaluating S, and S,
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ay, = |_a”ei¢a1 _ Cl,ef(w—%)| /2 ay, = |_a”ei(¢az—§) + cyeival /2
Apr = |_a1ze_j'p“’ + Cue_j(lp"_g)|/2 Upq = |a1le—1(¢az—%) +cyeival /2
Yy = angle (—auej’p“’ - Cllei('p"_%)) Yy = angle (—auej(wa’_%) + cuej’/’d)
Yy = angle (—aue‘f'/’al + cue"'("’djz_t)) Vs = angle (alle‘f(’/’al‘%) + Cue—ﬁl’cl)

9.2. Solutions to the Eddy Current Functions
The coefficients, c(m,n,k), d(m,n,k), e(m,n,k), h(m,n,k), g(m,n,k) for the current vector potential and

eddy current densities, and p1(m,n,k) - p5(m,n,k) for the eddy current loss are defined as follows:

Let M? = (mi)2 + (n%)2 + (kLiz)2 (22)
A(mnk
Ctmnk) =0 (7\142 ) (23)
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